Mouse hepatitis virus (MHV) does not induce interferon (IFN) production in fibroblasts or bone marrowderived dendritic cells. In this report, we show that the essential IFN-␤ transcription factors NF-B and IFN regulatory factor 3 are not activated for nuclear translocation and gene induction during infection. However, MHV was unable to inhibit the activation of these factors and subsequent IFN-␤ production induced by poly(I:C). Further, MHV infection did not inhibit IFN-␤ production mediated by known host pattern recognition receptors (PRRs) (RIG-I, Mda-5, and TLR3). These results are consistent with the notion that doublestranded RNA, produced during MHV infection, is not accessible to cellular PRRs.
Coronaviruses, including mouse hepatitis virus (MHV), are large, enveloped, positive-strand RNA viruses which induce a wide variety of diseases in both humans and animals. Several strains of MHV induce acute encephalitis and acute and chronic demyelinating diseases in mice. MHV, like other viruses, must evade the innate immune response in order to replicate in a normal animal. We and others have shown previously, by using a vesicular stomatitis virus (VSV)-based bioassay, that MHV does not induce interferon (IFN) in infected fibroblasts and bone marrow (BM)-derived dendritic cells (DCs) (15, 41, 62) . Similarly, the coronavirus (CoV) associated with severe acute respiratory syndrome also does not induce type I IFN (IFN-␣/␤) (8, 26, 63) . Double-stranded RNA (dsRNA), generated during RNA virus replication, is a potent inducer of IFN-␤. IFN-␤, in turn, binds to the IFN-␣/␤ receptor, resulting in activation of additional members of the type I IFN family and of other proteins involved in creating an antiviral state (reviewed in reference 40) . Consistent with the important role of type I IFN in inhibiting virus replication, mice genetically deficient in the expression of the IFN-␣/␤ receptor are highly susceptible to most viral infections, including MHV (7, 33) .
The initial induction of IFN-␤ transcription involves activation of three transcription factors, IFN regulatory factor 3 (IRF-3), NF-B, and activated transcription factor 2-c-Jun (ATF2-c-Jun) (28) . IRF-3 is constitutively localized to the cytoplasm of noninfected cells. Upon stimulation, C-terminal serine residues of IRF-3 are phosphorylated, resulting in dimerization of IRF-3 and its translocation into the nucleus (13, 23) . IRF-3 recruits p300/CREB binding protein (CBP) and, in conjunction with activated NF-B and ATF2-c-Jun, initiates IFN-␤ transcription (58) . Viral dsRNA is detected by multiple pattern recognition receptors (PRRs), including Tolllike receptor 3 (TLR3) and cytoplasmic RNA helicases, such as retinoic acid-inducible gene (RIG-I) and melanoma differentiation-associated gene 5 (Mda5) (19, 61 ; reviewed in references 21 and 40) . Although initial studies suggested that TLR3 was responsible for the majority of IFN induction in response to dsRNA (1, 54) , more-recent studies suggest that RIG-I and Mda5 are more important in virus-infected cells (11, 61) . TLR3 is detected primarily in the endosomal compartment (29) . Ligand binding to TLR3 results in the activation of IRF-3, NF-B, and ATF2-c-Jun via the adaptor molecule TRIF (57) . Alternatively, RIG-I or Mda5 binding to dsRNA recruits IPS-1 via CARD domain interactions, which results in the phosphorylation and translocation of IRF-3 (22, 31, 48) . A recent report suggests that RIG-I and Mda5 recognize different types of dsRNA, i.e., RIG-I detects in vitrotranscribed dsRNA, and Mda5 recognizes poly(I:C). Further, they are critical for the response to different viral infections. For example, RIG-I is necessary in the response to paramyxoviruses, influenza virus, and Japanese encephalitis virus, whereas Mda5 is involved in picornavirus detection (20) .
Due to the importance of type I IFN in the antiviral immune response, many viruses encode proteins that block interferon production through specific inhibition of factors involved in IFN-␤ induction, including IRF-3 (reviewed in references 14, 17, 40, and 44) . Most studies have focused on the inhibition of the IFN response elicited by negative-strand RNA viruses (17) . The V protein of paramyxoviruses, such as simian virus 5 and Sendai virus (SenV), targets Mda5 and subsequently inhibits IRF-3 and NF-B activation (2) . NS1 and NS2 proteins of respiratory syncytial virus, a pneumovirus, inhibit IRF-3 phosphorylation without affecting NF-B activation (52) . Ebola virus encodes a protein, VP35, which prevents IRF-3 activation mediated by either the TLR3 or the RIG-I pathway (6) .
Some information about activation of these factors in MHVinfected cells is available. Banerjee et al. showed that MHV activated two mitogen-activated protein kinases (MAPKs), p38 MAPK and c-Jun N-terminal protein kinase (5) . Since ATF2 is a target for phosphorylation by MAPK, it is likely that ATF2 is activated in infected cells. A recent report also suggests that levels of NF-B mRNA are decreased and those of the inhibitor IB are increased in infected cells (56) , but it is not known whether NF-B is activated after MHV infection.
Finally, nothing is known about IRF-3 activation during MHV infection.
As a positive-strand RNA virus, MHV is known to produce dsRNA replication intermediates. Thus, the lack of IFN-␤ induction in MHV-infected cells indicates that the virus either must actively inhibit some step of the induction process or, alternatively, is invisible to cellular PRRs. Here, by using two different strains of MHV, we found that MHV infection does not result in activation of NF-B or IRF-3. Furthermore, we investigated whether MHV inhibited IFN-␤ production induced by poly(I:C) or by overexpression of RIG-I, Mda-5, or TLR3.
RESULTS

MHV does not induce IFN-␤ production.
Previously, we showed that IFN was not induced when either murine BMderived DCs or L929 fibroblasts were infected with MHV-JHM (41, 62) . In those experiments, both neurovirulent and attenuated strains of MHV-JHM were studied, with identical results. The closely related strain MHV-A59 grows to higher titers than MHV-JHM. Many of the experiments described herein required that most cells be infected with virus, making MHV-A59 most useful in our assays. Additionally, MHV-A59 causes the development of smaller syncytia than MHV-JHM, resulting in less cell loss at later times after infection. To show that MHV-A59 also does not induce IFN, we infected L929 cells at an MOI of 100 and measured IFN production by using a VSV-based bioassay as described in Materials and Methods. Whereas transfection with poly(I:C) resulted in IFN production (84.3 Ϯ 10.4 U/ml, n ϭ 3), less than 1.0 U IFN/ml was detected in the supernatants of MHV-A59-infected cells. Additionally, SenV induced significant amounts of IFN (1,236.7 Ϯ 94.7 U/ml, n ϭ 3) in infected L929 cells. Since 17Cl-1 cells are more susceptible to MHV than are L929 cells, we used them for most of our assays. We found that MHV-JHM and MHV-A59 did not induce detectable levels of IFN production in infected 17Cl-1 cells at 12 h p.i.; poly(I:C) transfection or SenV infection induced significant amounts of IFN (Fig. 1) .
To further confirm that MHV does not induce IFN-␤, 17Cl-1 cells were transiently transfected with a luciferase reporter construct containing the natural IFN-␤ enhancer promoter (pLuc-IFN-␤) (13) . Cells were then infected with MHV-JHM or MHV-A59 for 12 or 24 h. Consistent with the bioassay data, equivalent levels of IFN-␤ were detected in mock-and virus-infected cells as measured by luciferase activity ( Fig. 2A and B). As positive controls, cells were either transfected with poly(I:C) or infected with SenV, which resulted in a 10-to 20-fold or 100-fold increase, respectively, in luciferase activity compared to that for mock-treated samples. (30) . We first measured NF-B activation by using a luciferase reporter gene containing repeated NF-B binding sites from the IFN-␤ promoter element [pLuc-(PRDII) 2 ] (13). Luciferase expression in MHV-A59-or MHV-JHM-infected cells was similar to that detected in mock-infected cells; however, poly(I:C) transfection or SenV infection induced significantly higher levels of luciferase expression (Fig. 3A) . We also investigated MHV-induced activation of NF-B by using confocal microscopy. As expected, transfection of 17Cl-1 cells with poly(I:C) resulted in accumulation of NF-B in the nucleus. However, after MHV infection, we observed that NF-B remained cytoplasmic, with no evidence of activation and translocation to the nucleus (Fig. 3B) .
Similarly, IRF-3 is also constitutively expressed in the cytoplasm. After receiving signals from upstream molecules, IRF-3 is rapidly phosphorylated, resulting in dimerization and subsequent migration into the nucleus (13, 23) . In order to determine if IRF-3 activation is also inhibited after MHV infection, we investigated IRF-3 function by using a luciferase reporter gene containing repeated IRF-3 binding sites [pLuc-(PRDIII-I) 3 ] (13). 17Cl-1 cells were transfected with this plasmid and then infected with MHV-JHM or MHV-A59. We found that luciferase activity was minimal after infection with either virus, showing that IRF-3 was not activated (Fig. 3A) . By contrast, transfection with poly(I:C) or infection with SenV resulted in high levels of luciferase activity. IRF-3 binding to the IFN-␤ promoter is the terminal step in IFN transcription. In order to determine whether MHV inhibits IRF-3 binding to IFN-␤ promoter binding sites or whether the virus inhibits signaling upstream of IRF-3, the intracellular localization of IRF-3 was investigated after virus infection. IRF-3 remained localized in (12, 37) . In order to determine whether MHV actively inhibits poly(I:C)-mediated IRF-3 activation and IFN-␤ synthesis, 17Cl-1 fibroblasts transfected with pLuc-IFN-␤ or pLuc-(PRDIII-I) 3 were infected with MHV-A59 or MHV-JHM. Five to six hours after infection, cells were transfected with poly(I:C) for an additional 6 h. As shown in Fig. 4A , similar levels of luciferase were produced after poly(I:C) stimulation in MHV-or mock-infected cells, when either pLuc-IFN-␤ or pLuc-(PRDIII-I) 3 was transfected as a reporter gene. We chose this time point because MHV inhibits host cell protein synthesis beginning at approximately 6 to 7 h p.i. and the luciferase assay is dependent upon de novo protein synthesis (39, 49) . To validate these results at the single-cell level, IRF-3 and NF-B localization in MHV-infected cells was assessed by confocal microscopy after poly(I:C) transfection for 2 h. We assayed cells at 2 h after transfection because, unlike luciferase expression, which requires treatment for 6 h to be detected, IRF-3 and NF-B translocation can be detected after a shorter incubation period. In these experiments, cells were dually labeled with antibodies against MHV and IRF-3 or NF-B. Evidence for IRF-3 and NF-B translocation into the nucleus was clearly detected in single infected cells and in those that were incorporated into syncytia after either MHV-A59 or MHV-JHM infection (Fig.  4B) . It is possible that the putative viral protein that inhibits poly(I:C)-induced activation of IRF-3 and NF-B was not expressed at sufficiently high levels at 6 h p.i. To test this possibility, these experiments were repeated at 10 h p.i. (Fig. 5) , when viral proteins were expressed at high levels. Transfection with poly(I:C) still resulted in IRF-3 and NF-B translocation into the nuclei of infected cells. In these experiments, poly(I:C) transfection did not significantly inhibit MHV replication since similar numbers of syncytia were detected in the presence or absence of poly(I:C), even if cells were transfected as early as 2 h p.i. (data not shown).
MHV does not inhibit RIG-I-, Mda5-, or TLR3-mediated IFN-␤ production. These results show that infection with MHV did not induce IFN-␤ or inhibit poly(I:C)-mediated activation of this response. As described above, at least three PRRs (RIG-I, Mda5, and TLR3) are involved in dsRNAmediated IFN-␤ induction, and these PRRs signal through different adaptor molecules. Different viruses inhibit different steps in these pathways (reviewed in references 14, 17, and 40). Since it is possible that MHV inhibits one pathway while poly(I:C) induces IFN-␤ production through another pathway, we next determined whether MHV inhibited IFN-␤ production mediated by RIG-I, Mda5, or TLR3. For this purpose, we (60, 61) . In most reports, constructs encoding these molecules were transfected into previously infected cells. However, our experiments were complicated by the rapid cytopathic effects induced by MHV and the comparatively long time required to induce IFN-␤ transcription after plasmid transfection. Thus, we were not able to test the ability of RIG-I, Mda5, or TLR3 to induce IFN-␤ production by transfecting infected cells with these constructs.
As an alternative approach, we transfected 17Cl-1 cells with plasmids encoding RIG-I or Mda5 together with pLuc-IFN-␤ 16 to 18 h prior to infection with MHV-A59. To determine whether expression of these factors inhibited MHV replication, we infected cells with a recombinant virus that expressed GFP (rA59.GFP). In preliminary experiments, we observed that transfection did not decrease the number of GFP-positive cells (data not shown). Cells were then transfected with liposomal poly(I:C) at 5 h p.i., when viral protein expression can be detected (42). As described above, cells were transfected at this time to minimize the effect of virus-induced inhibition of host cell protein synthesis. MHV-A59 was used in these experiments because, unlike MHV-JHM, MHV-A59 infected more than 90% of the cells in the culture (data not shown), making it likely that most transfected cells were also infected. Cells were harvested at 11 h p.i. and subjected to a luciferase activity assay. Consistent with previous reports (60), poly(I:C) augmented IFN-␤ production in cells that overexpressed RIG-I or Mda5. However, infection with MHV did not decrease this poly(I:C)-mediated enhancement of luciferase activity (Fig. 6) .
This approach could not be applied to analysis of the TLR3 pathway because we were unable to demonstrate enhancement of luciferase activity in TLR3-expressing cells after poly(I:C) transfection. Since transfection with TLR3 or its downstream adaptor molecule, TRIF, did not generally induce reporter gene expression for at least 12 h (data not shown), we transfected 17Cl-1 cells with TLR3 or TRIF and pLuc-IFN-␤ 6 to 10 h prior to infection with MHV-A59. Cells were harvested at 12 h p.i. and analyzed for luciferase activity. As shown in Fig. 7 , transfection with TLR3 or TRIF cDNA enhanced luciferase expression compared to levels for cells transfected with empty vector. This enhancement was not decreased by MHV infection.
Nonessential proteins encoded by MHV-JHM gene 2a or gene 4 are not required for inhibition of IFN synthesis. Our results suggested that MHV did not actively inhibit IFN production by any known pathway. To further investigate MHVmediated inhibition, we analyzed whether viruses deleted in gene 2a or gene 4 were able to induce IFN. The proteins encoded by these genes are neither essential for growth in tissue culture cells nor required for the development of MHV-induced encephalitis (35, 47, 59 ; unpublished data). For this purpose, we used a recombinant virus in which gene 4 was deleted (rJHM.gene4KO) (35) and a naturally occurring deletion variant lacking gene 2a protein expression (Wb-1) (47). L929 cells were infected with rJHM.gene4KO or Wb-1 at 10 PFU/cell. Supernatants were harvested at 20 h p.i., and IFN production was measured using the VSV-based bioassay as described above. Infection with the viruses deleted in either gene 2a or gene 4 induced less than 1.0 U IFN/ml. These results show that neither protein is involved in inhibition of IFN-␣/␤ induction.
DISCUSSION
Our results confirm previous reports showing that MHV-JHM and MHV-A59 do not induce interferon production in infected cells (15, 41, 62) . However, we could not demonstrate a specific step in any known pathway that was inhibited by the virus. MHV did not inhibit the induction of IFN-␤ by poly(I:C) or by overexpression of RIG-I, Mda5, or TLR3/TRIF (Fig. 4 to  7) . MHV replication, like that of other RNA viruses, has an obligatory requirement for the generation of dsRNA, which is a potent inducer of type I IFN. Our results are consistent with the possibility that MHV does not induce IFN because viral dsRNA, generated as part of viral replication, is "invisible" to the immune system. The replication of many positive-strand RNA viruses, like MHV, occurs on intracytoplasmic doublemembrane vesicles (DMV) (18, 45, 46, 50, 55) . DMV in coronavirus-infected cells may originate from the endoplasmic re- ticulum or may occur as a result of autophagy (42, 51) . These structures have been visualized previously by electron microscopy (46, 55) , and it is possible that the sites of replication are isolated from the cytoplasm or endosomes, where RIG-I, Mda5, and TLR3 are located. Other group 2 coronaviruses, such as severe acute respiratory syndrome CoV (53) and human CoV-OC43 (unpublished data), also do not induce IFN. However, group 1 coronaviruses, such as human CoV-229E and transmissible gastroenteritis virus (TGEV), do induce IFN. In the case of TGEV, IFN induction requires the transmembrane (M) protein, and mutation of a single amino acid abrogates its interferogenic ability (25) . Induction is also dependent upon the glycosylation status of the M protein. M proteins from group 1 coronaviruses are N glycosylated whereas those from group 2 are O glycosylated. Comparisons of isogenic viruses expressing either N-or O-glycosylated M proteins showed that virus expressing Nglycosylated M protein induced IFN to a greater extent than virus expressing either O-glycosylated or unglycosylated M protein (9) . Glycosylated viral proteins mediate IFN-␣ production by binding to mannose receptors present on dendritic cells (32) . Of relevance to our results, IFN was not induced when virus expressed mutant versions of the M protein, showing that the presence of dsRNA in TGEVinfected cells, as in MHV-infected cells, was not sufficient for this induction. Arteriviruses, which are also members of the nidovirus family, similarly replicate on double-membrane vesicles (36) . However, unlike MHV, porcine reproductive and respiratory syndrome virus, an arterivirus, does stimulate NF-B activation in infected cells (27) .
While MHV may not induce IFN because it is "hidden" from host dsRNA sensors, other positive-strand RNA viruses actively prevent IFN-␤ induction. In one example, Meylan et al. showed that the serine protease NS3/4A of hepatitis C virus inhibits IFN-␤ induction by cleavage of IPS-1, an adaptor protein required for RIG-I-and Mda5-mediated activation of IRF-3 (31). Hepatitis A virus inhibits RIG-I-and TLR3-mediated pathways of IFN-␤ induction at a step before IRF-3 phosphorylation (12) , perhaps at the same step as hepatitis C virus. Two pestiviruses, classical swine fever virus (CSFV) and bovine viral diarrhea virus, also inhibit IFN production. However, unlike MHV, CSFV is able to inhibit IFN production induced by a heterologous virus or poly(I:C). This effect is mediated in part by the N-terminal protease of CSFV, N pro , which blocks IRF-3 transcription (24) . Bovine viral diarrhea virus, on the other hand, blocks IRF-3-DNA complex formation, even when induced by a heterologous virus (3, 4) . Since most positive-strand RNA viruses are postulated to replicate on DMV (46), these results collectively suggest that replication on these structures is not sufficient to shield viral RNA from detection by dsRNA sensor molecules. Alternatively, it is possible that DMV induced by coronaviruses and by other positive-strand RNA viruses have different properties.
While MHV does not induce IFN in vitro, IFN-␤ mRNA (and presumably protein) is detected in the central nervous system of mice infected with either MHV-A59 or MHV-JHM (43) . The etiology of this IFN-␤ RNA and protein is not clear. While infected fibroblasts and BM-derived DCs do not produce IFN (41, 62) , it is possible that other cells, such as plasmacytoid DCs (pDCs) or glial cells, respond to infection with MHV by secreting IFN-␣/␤; astrocytes are a well-described target for MHV (10, 38) . Alternatively, type I IFN may be induced in pDCs and other phagocytic cells after these cells ingest apoptotic bodies or viral products generated from infected cells. Of note, MHV-A59-infected pDCs were recently shown to produce type I IFN in vitro in a TLR7-dependent process (7) .
In summary, our results show that MHV does not induce IFN-␤ production. While it is possible that this indicates that another, undefined IFN induction pathway is inhibited by MHV, we favor the conclusion that MHV RNA and proteins are shielded from detection by cellular sensor molecules. Further work will be directed at understanding the nature of this method of immune evasion.
